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A B S T R A C T
Sustainability criteria for palm oil production guide new planting toward non-forest land cover on
mineral soil, avoiding carbon debts caused by forest and peat conversion. Effects on soil carbon stock (soil
Cstock) of land use change trajectories from forest and non-forest to oil palm on mineral soils include
initial decline and subsequent recovery, however modeling efforts and life-cycle accounting are
constrained by lack of comprehensive data sets; only few case studies underpin current debate. We
analyzed soil Cstock (Mgha1), soil bulk density (BD, g cm3) and soil organic carbon concentration (Corg,
%) from 155 plots in 20 oil palm plantations across the major production areas of Indonesia, identifying
trends during a production cycle on 6 plantationswith sufﬁcient spread inplot age. Plotswere sampled in
four management zones: weeded circle (WC), interrow (IR), frond stacks (FS), and harvest paths (HP);
three depth intervals 0–5, 5–15 and 15–30 cm were sampled in each zone. Compared to the initial
condition, increases in Corg (16.2%) and reduction in BD (8.9%) in the FS zone, was compensated by
decrease in Corg (21.4%) and increase in BD (6.6%) in the HP zone, with intermediate results elsewhere. For
a weighted average of the four management zones and after correction for equal mineral soil basis, the
net temporal trend in soil Cstock in the top 30 cm of soil across all datawas not signiﬁcantly different from
zero in both forest- and non-forest-derived oil palm plantations. Individual plantations experienced net
decline, net increase or U-shaped trajectories. The 2% difference in mean soil Cstock in forest and non-
forest derived oil palm plantations was statistically signiﬁcant (p<0.05). Unless soil management
changes strongly from current practice, it is appropriate for C footprint calculations to assume soil Cstock
neutrality on mineral soils used for oil palm cultivation.
ã 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction
Current use of palm oil fromSoutheast Asia as biofuel is far from
carbon neutral (Reijnders and Huijbregts, 2008; Sheil et al., 2009;
Agus et al., 2013). It is part of the 12–15% of total anthropogenic
carbon emissions due to deforestation (Houghton et al., 2010; van
der Werf et al., 2009). Current use of peat soils causes CO2
emissions that far exceed the amount sequestered in harvested
products (Hooijer et al., 2010; Couwenberg et al., 2010; Hergoualc’h
andVerchot, 2011). Carbon debts due to conversion can continue to
increase on peat soils at a rate exceeding the reductions of fossil
energy release that palm oil products can substitute for, causing
(near) inﬁnite ‘pay-back’ times (van Noordwijk et al., 2014b). On
mineral soils, an initial carbon debt to the atmosphere can be
recovered by subsequent biomass development and harvestable
yields if these offset fossil fuel use. Current understanding is that
palm oil can be both the best and the worst known source of
biofuel from a global C balance perspective, having the widest
‘management swing potential’ (Davis et al., 2013).
Oil palmexpansion is a prominent causeof tropical deforestation
and associated C emissions in many landscapes in Southeast Asia,
although total oil palm area is yet to cover 5% of Indonesia and
deforestationrateshavebeenat least1%peryear for thepast20years
(van Noordwijk et al., 2014a). Due to consumer pressure and
environmental concerns ofmajor stakeholders in the palm oil value
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chain, oil palm is beingweaned fromnew forest conversion and use
of peat soils under voluntary agreements of the Roundtable on
Sustainable Palm Oil (http://www.rspo.org/; Tan et al., 2009;
Laurance et al., 2010). Converting low vegetation Cstock on mineral
soils is seenas the futureof sustainablepalmoil, but itseffectsonsoil
carbon stock (soil Cstock) have not been sufﬁciently quantiﬁed. The
literature is based on isolated case studies and unconstrained
modeling exercises at best (Adachi et al., 2011; Nair et al., 2011).
A number of authors reported that conversion to oil palm
plantations on mineral soils can lead to a net gain of soil Cstock
(Germer and Sauerborn, 2008; Verhoeven and Setter, 2010; Flynn
et al., 2011; Hassan et al., 2011; Patthanaissaranukool and
Polprasert, 2011; Siangjaeo et al., 2011). Others, however, reported
a net loss (Kotowska et al., 2015) or estimated loss to be 10% of the
forest soil Cstock (Busch et al., 2015). Empirical data of both initial
Corg and trends over time during a production cycle of oil palm are
needed to verify the claims that soil Cstock will increase and to
validate or improve the models used. Replicated trials with
randomly assigned treatments carried through the relevant time
scale (at least one rotation of 25 years) do not exist, and thus
attention is needed to possible differences in soil type, texture and
bulk density (BD) where survey data are used. A speciﬁc challenge
is that with change in BD soil samples taken to constant depthmay
involve different layers of soil (Ellert and Bettany, 1995; Post and
Kwon, 2000; Lee et al., 2009). Evidence relevant to the issue of net
increase or decrease of soil organic carbon concentration (Corg)
during an oil palm production cycle can come from observed
spatial patterns, from processes that are understood in a
quantitative sense, or a combination of the two.
Current national accounting systems of greenhouse gas rely
largely on global or nationally derived ‘default’ data on relative
effects of land use on soil Cstock. As part of the 2nd IPCC review,
Paustian et al. (1997) summarized known effects of land use change
onCorg across climatic zonesandsoil types. Subsequent literature led
to some reﬁnement. Don et al. (2011) in a global meta-analysis of
385 studies on land-use change in the tropics found that the highest
Corg losseswerecausedbyconversionofprimary forest intocropland
(25%)andperennial crops (30%), but forest conversion intograssland
also reduced soil Cstock by 12%. If this would be a simple additive
system, onemight thus expect conversionof grasslands to perennial
crops to lead to a decrease of Corg by about 18%, but a meta-analysis
cannot compensate for sampling bias of the case studies that are
reported in the literature. Another recent meta-analysis (Powers
et al., 2011) focused on ‘paired plot’ literature and found little
consistency in Corg change, with both ‘forest to grassland’ and
‘grassland to forest’ conversions leading to statistically signiﬁcant
Corg gain; this may raise doubts on the selection bias in the results
thatarepublished.Bothreviewsconﬁrmthatcompletedatasets that
combine measurements of BD and Corg are scarce, and that spatial
extrapolation is affected by unbalanced representation of tropical
soil types. Given the current importance of having unbiased results
underpinning global carbon accounting standards, the net change in
soil Cstock of conversion to oil palm mineral soils needs to be
understood across the range of production conditions.
Theworld’smain palm oil production areas are Sumatra and the
Indonesian and Malaysian parts of Borneo, peninsular Malaysia
and southern Thailand.1 As oil palm is restricted to areas with
minimum temperatures of 18 C and does not respond well to
climates with more than one dry month (Corley and Tinker, 2003),
the primary expansion has been within an area of relatively
homogeneous climate. Speciﬁcally for Sumatra, van Noordwijk
et al. (1997) found effects similar to those of Don et al. (2011),
except for lower Corg losses in conversion to cropland, potentially
because permanently cropped upland soils are relatively scarce in
Sumatra where intensiﬁcation of shifting cultivation has generally
moved toward permanent tree crops (van Noordwijk et al., 2008).
Imperata grasslands and areas formerly used for shifting cultiva-
tion may not have substantially lower Corg than forests (Santoso
et al., 1997). Soil Cstock in tree plantations were reported to be 0–
40% less than stocks in swidden cultivation, with the largest losses
found in mechanically-established oil palm plantations (Bruun
et al., 2009). The above-mentioned studies show that the effect of
land use change on the trend of Corg remains unclear from studies
of existing spatial patterns.
More process-oriented studies suggest that we can expect a
decline of Corg inherited from preceding vegetation and a gradual
build-upofCorg fromthe vegetation that replaces it. Basedon carbon
isotope differences between sugarcane residue and forest soil C
pools, Sitompul et al. (2000) quantiﬁed the annual loss of forest Corg
after conversion to sugarcane. The annual loss of forest Corgwas 8.2%
per year ( 2.8% per year) for an ultisol (Grossarenic Kandiudult) in
Sumatra, with differentiation between density fractions: 14–19%
per year for macro-organic matter varying in degree of association
with soil particles and hence in density, and lower rates for ﬁne
material associatedwith clay and silt. Similar initial decay rates can
be expected for oil palm plantations, possibly reduced by
microclimate modiﬁcation and absence of soil tillage in oil palm,
compared to sugarcane stands. As speciﬁed in the Century model
(Sitompul et al., 2000) and conﬁrmed in a Sumatra-wide data set
(van Noordwijk et al., 1997), variation in soil clay and silt content is
likely to inﬂuence the amount of Corg protected from decomposers
by physical association with soil particles, leading to different Corg
decomposition rates for the soil as a whole.
In further applying this conceptual model of breakdown and
build-up, we expect that the decay of Corg inherited frompreceding
forest, grassland or other vegetation, is balanced by two types of
organic inputs: aboveground litter, which can be readily quantiﬁed
from the known leaf production (minus any biomass removals),
and (ﬁne) root turnover which is poorly quantiﬁed as yet. The
spatial organization of oil palm plantations, where aboveground
litter is typically accumulated in ‘frond stacks’ in between palms,
differentiates the relative contributions of above- and below-
ground inputs, allowing some separation of the terms of the Corg
change equation. Four different management zones are normally
recognized: weeded circle (WC), frond stacks (FS), interrow (IR)
and harvest paths (HP) (Corley and Tinker 2003; Law et al., 2009).
Between plantations there is variation in the degree to which
aboveground litter is stacked (to facilitate access to the plots) or
spread out (to protect the soil), leaving only the HP and WC free of
litter.
Speciﬁc questions for the current analysis of this data set are:
1) Are there statistically signiﬁcant positive or negative trends
within oil palm plots in BD and Corg with age of oil palm for
the four management zones in oil palm on mineral soil?
2) How does a correction for equal-soil-mineral basis of
comparisons inﬂuence the estimated changes in soil Cstock?
3) Does the average soil Cstock, weighted over the four manage-
ment zones, increase or decrease with age of oil palm plots and
is the change inﬂuenced by having forest or non-forest as recent
land use history?
4) Is variation between plantations in the shift from a negative to a
positive trend of soil Cstock with time and hence in time-
averaged Cstock attributable to known management practices?
1 The FAO stat data for 2012 (http://faostat3.fao.org) indicate a global production
of 52.9106 metric ton (valued at 21.6 109 USD), with 50.9%, 35.5%, 3.4% and 1.6%
for Indonesia, Malaysia, Thailand and other Asia/Paciﬁc countries, respectively. The
remaining 9% of global production comes from W. Africa (3.8%) and Latin/Central
America (4.8%).
196 N. Khasanah et al. / Agriculture, Ecosystems and Environment 211 (2015) 195–206
2. Materials and methods
2.1. Demand-led research, conﬁdentiality arrangements
As the renewable energy directive of the EU (‘EU RED’;
European Comission, 2010) implies a need for comprehensive
data on the C footprint of palm oil if this is to be exported to Europe
and used for biofuel, the Indonesian Palm Oil Commission asked
the World Agroforestry Centre to lead a study that would provide
an initial database for comparisons and build capacity of the
private sector to apply established methods. The study was
implemented together with 20 plantations, recruited on a
voluntary basis among all major oil palm producing companies
in Indonesia. While conﬁdentiality on the identity of participants
was the basis for participation in a data collection of commercial
importance in a politically sensitive arena, the data set as a whole
represents an opportunity to analyze the temporal trends of Corg
(%), BD (g cm3) and soil Cstock (MgCha1) in the four different
management zones. Aboveground Cstock not only from of the same
plantations, but also from other 5 plantations in peat soil is
described in a parallel manuscript.
2.2. Study design and plantation selection
This study focused on the analysis of the temporal changes of
BD, Corg, and soil Cstock, in mineral soil in a total of 155 plots within
20 selected landscapes or plantations (Fig.1 and Table 1). Selection
of the 20 landscapes or plantations and 155 plots was based on
stratiﬁers we derived at national level to sample landscape or
plantation and at landscape level to sample soil at various age of oil
palm.
At the national level, we had three stratiﬁers: (1) landscape or
plantation history (derived from forest versus non-forest (other
vegetation or from preceding oil palm), (2) soil type (mineral soils
versus peat), and (3) the prevalence of oil palm in the surrounding
area, assessed atprovincial level, as areasofhighoil palmprevalence
are likely to represent a longer history of the crop, potentially
selected for themost suitable climatic conditions, andmay have the
best knowledge and processing infrastructure. Climatic aspects are
confoundedwith the other characteristics of this distinction, but the
primaryclimatic distinctionwithin theoil palmzoneof Indonesia, in
climatic zonesA andB but not C as described byAldrian and Susanto
(2003), is in the frequencyand strength of dryperiods,which affects
fruit rather than vegetative production. A priori expectations of
effects of this climatic variation on soil Cstock are thus limited.
At the landscape or plantation level, we distinguished between
what in the commonly used terminology is termed the ‘nucleus’, a
core plantationmanaged by a company, the ‘plasma’ or plantations
initially managed by a company during establishment until the
early production stage and then transferred to a farmer as the
owner of the land (Santoso, 2010), and independents smallholder
plantations (IFC, 2013). We thus used three additional strata: (1)
plantation management (nucleus, plasma, independent small-
holders), (2) soil type (mineral soils versus peat), and (3) age
during the crops’ life cycle.
Factorial combinations across the three criteria at the national
level led to 12 (=322) clusters. In this paper, we analyzed the
focused study mentioned in mineral soil only (cluster 4, 5, 6, 10,
11 and 12 in Fig. 1). Table 1 presents number of plot among
stratiﬁers in mineral soil. From the 155 plots sampled, 112 plots
(72%) and 43 plots (28%) were derived from forest and non forest
respectively; 108 plots (70%), 29 plots (19%) and 18 plots (12%)
were under nucleus, plasma and smallholder management,
respectively; 53 plots (34%), 64 plots (41%), 38 plots (25%) were
in between 0 and 8, 9–16 and 17–25 age of oil palm, respectively.
2.3. Plantation landscapes description
Based on the intra- and inter-annual variation in rainfall and the
statistical correlation of rainfall with sea surface temperatures in
the Paciﬁc and Indian Ocean, Aldrian and Susanto (2003)
recognized three climatic regions in Indonesia. Oil palm is
currently grown in the two wettest of these regions, with a center
of gravity in region B that is located in northwest Indonesia and
stretches from northern Sumatra to north western Kalimantan.
[(Fig._1)TD$FIG]
Fig. 1. Spatial distribution of 20 oil palm landscapes or plantations selected for inclusion in this study. The color deﬁnition refers to cluster deﬁnition in Table 1.
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While mean annual rainfall (2600mmyear1) and the number of
months with rainfall over 200mm is 7 months is similar between
regions A and B (Fig. 2), the pattern of interannual variability
differs. However, the average mean annual rainfall of those regions
is not statistically signiﬁcant (p<0.05).
Region B has a tendency to a bimodal patternwithoutmonths of
less than 100mm rainfall on average, combined with low
sensitivity to El Nino patterns of interannual variability in the
Paciﬁc and modest response to the Indian Ocean dipole
(Niedermeyer et al., 2014) have created a climate in northern
Sumatra that is eminently suitable for oil palm. Region A is located
in southern Indonesia and stretches from south Sumatra to Timor,
southern Kalimantan, Sulawesi and part of Papua. Its unimodal
rainfall has a relatively dry period betweenMay to September that
in interaction with interannual variability can reduce oil palm
yields, depending on the degree of water buffering by the soil. The
highest ‘oil palm prevalence’ at provincial level (5–15%) coincided
with climate region B for this study, while the data for ‘oil palm
prevalence’ below 5% where derived from climate region A.
With regards to soil type, the dominant soil in the 155 sampled
plots was classiﬁed as Ultisols (55%) and Inceptisols (19%),
respectively. Other soil types encountered less frequently were
Spodosols, Oxisols and Entisols. Across these soil types, variation in
soil textureandpHaccount fordifferences inCorg that canexceed the
effects of land cover (forest, non-forest categories) (van Noordwijk
etal.,1997). Soil organiccarbonreference (soilCorg_ref)was thenused
to take into account the variation of soil types (Section 2.4.3).
2.4. Sampling design and calculation of soil carbon stock
2.4.1. Soil carbon stock measurement
This study represents what is considered to be, by the
plantations, “good practice” management of oil palm plantation
related to management of soil organic input. Typical “good
practice” management of soil organic input is the plantation area
normally distinguished into four different management zones:
weeded circle (WC), frond stacks (FS), interrow (IR) and harvest
paths (HP) (Fig. 3B).WC zone is around palm trunk and occupy only
12% of total area. It is normally free of understorey for fertilizer
application. During plantation establishment, legume cover crop is
typically planted and the cover crop is allowed to grow only in IR
zone (46% of total area) once the oil palm reach mature stage (>
3 years). Recycling management of yield residue such as empty
fruit bunches (EFB) is sometime also applied in the IR zone. Pruned
frond is managed and piled in each alternate row (FS zone, it is
about 30% of total area) with the harvest path of oil palm (12% of
total area) kept free of litter. Soil sampling in each plot considered
this organic input management zones, and recorded the site-
speciﬁc variations in spatial extent of the zones.
Soil Cstock in each plot was estimated by measuring BD and
analyzing Corg (Hairiah et al., 2011) at 0–30 cm soil depth with
intervals of 0–5 cm, 5–15 cm and 15–30 cm. The sampling was
focused on the ﬁrst 30 cm, besides the default for soil depth for soil
Cstock measurement provided by IPCC (2006) is 30 cm, it is also as
Table 1
Study designwith the actual number of plots sampled across plot age,management style, preceding vegetation, and oil palm prevalence in the surrounding area that assessed
at provincial level. Clusters 1–3 and 7–9 are peat soil equivalents of 4–6 and 10–12, respectively and excluded from the table as the paper focused on mineral soil.
Plantation parameters Cluster Number of land scapes N=nucleus, P = plasma,
I = independent
Number of sampled plots per age category (year)
Preceding land cover Prevalence of oil palm
(% of area in province)
0–8 9–16 17–25 Total
Forest 5–15% 4 3 N 2 5 10 17
P – 2 2 4
I – – – –
1–5% 5 3 N 6 8 7 21
P 1 2 – 3
I 2 1 – 3
<1% 6 9 N 16 20 7 43
P 4 4 1 9
I 10 2 – 12
Non forest 5–15% 10 2 N 4 5 2 11
P – – – –
I – – – –
1–5% 11 3 N 2 8 6 16
P 4 6 3 13
I 2 1 – 3
<1% 12 – – – – – –
Total 20 – 53 64 38 155
[(Fig._2)TD$FIG]
Fig. 2. Mean monthly rainfall of all plantations presented based on climate regions
A and B as derived by Aldrian and Susanto (2003).
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the greatest proportion of the total root mass is conﬁned to the top
30 cm of the soil surface (Ravindranath and Ostwald, 2008).
The BD was measured by taking samples using a 0.20.2m
sample frame around palm numbers 1, 3, 6, 9, 12, 15, 18, 21 in
Fig. 3A in four different management zones (Fig. 3B). Hence the
total sample per plot is 96 samples (8 palms4 management
zones3 soil layers) or more than 10,000 samples from the whole
landscapes or plantations. Selected palms (1–24) in Fig. 3A in each
plot followed the standardized selection scheme used in establish-
ing leaf sampling units (LSU) for fertilizer recommendation (some
of the details varied between plantation companies). Within these
24 trees, 8 palms were chosen to represent spatial distribution of
the palm in each plot. The soil samples were oven-dried at 80C in
laboratory to determine the total dry weight.
The soil’s Corg was analyzed by taking soil samples at the same
position as BD measurement and composite from 8 trees. The
composited soil samples were air-dried and sieved, ground to pass
though a 2mm sieve in laboratory prior to analysis using the
Walkley and Black method. This method requires a correction
factor for incomplete oxidation of organic C (McCarty et al., 2010;
Schulte, 1995); we used a correction factor of 1.32 (Nelson and
Sommers, 1996).
The soil Cstock was then calculated as follow:
soilCstocki ¼
BDiDiCi
100
(1)
BDi ¼
Wi
Vi
(2)
where soil Cstock_i is soil carbon stock at depth i (g cm2), BDi is soil
bulk density at depth i (g cm3) = total dry weight of soil (Wi)
divided by soil volume (Vi), Di is soil thickness at depth i (cm), and
Ci is soil organic carbon at depth i (%).
Soil Cstock at each sampling point was then up-scaled into per
unit area of estimation (MgCha1) that was measured taking into
account the area of each management zone per ha (weighted
average).
2.4.2. Correction of soil carbon stock for equal mineral soil basis
Soil Cstock that is quantiﬁed from BD, Corg and soil depth is often
over-estimated or under-estimated because of increasing BD due
to minimum tillage (Badalikova, 2010) or decreasing BD due to
large organic inputs. In the four different management zones of oil
palm plantations (Fig. 3B), the harvest path zone is a zone where
BD increases and the interrow and frond stack zones are zones
where it potentially decreases. Hence, correction is needed to
ensure equal soil masses are compared for each different zone (Lee
et al., 2009).We used the correction proposed by Ellert and Bettany
(1995) to express results on an equal soil mass. Fig. 4 clariﬁes its
rationale.
The derivation of the equation for correcting carbon stock
estimates is as follows. Let the mineral soil and Corg content of a
volume of soil that is sampled in three layers at time t be described
by:
Mint ¼
X3
i¼1
Si  BDt;i 
100 Ct;i
100
 
; for eachmanagement zone
(3)
Cstockt ¼
X3
i¼1
Si  BDt;i 
Ct;i
100
; for each management zone (4)
where Mint = initial (for t = 0) or ﬁnal (for t = T) mineral soil content
between soil surface and depth i, g cm2; Cstockt = initial (for t = 0)
or ﬁnal (for t = T) soil carbon stock between soil surface and depth i,
g cm2; Si = soil thickness of depth i, cm; BDt,i= soil bulk density of
[(Fig._3)TD$FIG]
Fig. 3. (A) Scheme of selected palms where soil at four different management zone to be measured in each plot. (B) Sampling measurement scheme of soil representing four
spatial zones: weeded circle (WC) or fertilizer application zone; interrow (IR)/grass/empty fruit bunch (EFB) application zone; frond stacks (FS) zone; and harvest paths (HP)
zone).
[(Fig._4)TD$FIG]
Fig. 4. Diagram of the three soil layers and the type of correction needed to adjust
for increase or decrease of soil bulk density.
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depth i at t =0 or at t = T, g cm3; Ct,i= soil organic carbon
concentration of depth i at t =0 or at t = T zone i, %.
The correction factor (CF, %) to be added to CstockTðuncorrectedÞ is
(for an example where three soil layers were sampled):
CF ¼ Min0 MinTð Þ  C0;3=100 C0;3
Min0 MinTð Þ  C0;3=100 C0;3 þ Cstockt;3 (5)
Cstockcorrected ¼ CstockTðuncorrectedÞ  1þ CFð Þ (6)
2.4.3. Estimation of texture-speciﬁc reference of soil carbon stock
To normalize the effect of soil texture on Corg of different soil
classiﬁcation, we calculated soil carbon stock reference (soil
Cstock_ref) based on BD reference (BDref) (Wosten et al. (1998) and
soil organic carbon reference (Corg_ref) (van Noordwijk et al., 1997).
BDref indicated maximum or reference of bulk density and can
be used to see the status of soil compaction, which is ratio of
measured bulk density and bulk density reference (BD/BDref). A
value of the BD/BDref ratio bigger than 1 indicate compaction of
soil. Corg_ref is a reference Corg level representative of forest soil. The
ratio of Corg and Corg_ref can be used as an indicator for Corg
sustainability. A value of the Corg/Corg_ref ratio above 1 indicates soil
Cstock improvement relative to forest soil conditions.
The estimation of Corg_ref used an equation developed by van
Noordwijk et al., 1997 and subsequently reﬁned (van Noordwijk,
pers. comm.):
Cref adjustedð Þ ¼ 1:489 Zsample
 0:528  exp 1:333þ 0:00994 Clayð
þ0:00699 Silt 0:156 pHKCl þ 0:000427
elevationÞ (7)
The estimation of BDref used an equation developed by Wosten
et al. (1998) (cited in Suprayogo et al., 2003):
For clay + silt contents less than 50% and top soil
BDref ¼ 1:984þ 0:01841 OMþ 0:032þ 0:00003576ð
 Clayþ Siltð Þ2 þ 67:5
MPS
þ 0:424 Ln MPSð ÞÞ1 (8)
For clay + silt content less than 50% and sub soil
BDref ¼ 1:984þ 0:01841 OMþ 0:00003576ð
 Clayþ Siltð Þ2 þ 67:5
MPS
þ 0:424 Ln MPSð ÞÞ1 (9)
For clay + silt more than 50%:
BDref ¼ 0:603þ 0:003975 Clayþ 0:00207ð
OM2 þ 0:01781 Ln OMð ÞÞ1 (10)
where clay= percentage of clay, silt = percentage of silt, OM=
percentage of organic matter, BD= soil bulk density, g cm3, MPS =
mean particle size of sand (default 290mm).
2.4.4. Estimation of time-averaged soil carbon stock
Time-averaged Cstock of oil palm plantation represents the soil
Cstock of an oil palm plantation over a life cycle (typically 25 years).
The time-averaged Cstock of oil palm plantations was estimated by
developing an allometric equation of soil Cstock (MgCha1), 0–
30 cm soil depth of plantation as a function of palm age (year). The
soil Cstock of plantation is average value of four management zones
taking into account area of each management zone (weighted
average).
2.5. simple model of soil carbon stock
To understand the decrease and increase of soil Cstock over time,
a simple model was developed based on Sitompul et al. (2000). In
the absent of soil organic input, the changes of soil Cstock as follow:
Cstockt ¼ Cstockst þ Cstockmt þ Cstocklt (11)
Cstockst ¼ a 1 ksð Þt (12)
Cstockmt ¼ b 1 kmð Þt (13)
Cstocklt ¼ c 1 klð Þt (14)
where Cstockt is total soil Cstock at time t; Cstockst ,Cstockmt , and
Cstocklt are soil Cstock of slow (or heavy), medium and fast (or light)
pools, respectively at time t; a, b and c are initial soil Cstock of slow
(25MgCha1), medium (15MgCha1) and fast (15MgCha1)
pools, respectively; ks, km and kl are decomposition rate of slow
(0.142 per year), medium (0.185 per year) and fast (0.194 per year)
pools, respectively.
The same calculationwas then applied to the present of oil palm
organic inputs. The amount of oil palm organic inputs is around
4.6Mgha1 yr1 and to increase over time to 10.9Mgha1 yr1, by
year 8 and it is distributed to slow (20%), medium (30%) and light
(50%) pool, respectively.
2.6. Statistical data analysis
All soil BD, Corg and Cstock datawere analyzed for single effect of
the factors: plantation management (nucleus, plasma, and
independent), soil classiﬁcation (ultisols, inceptisols and others),
landscape or plantation history (derived from forest or non forest),
management zones (weeded circle, interrow, frond stacks and
harvest paths) and age of oil palm using SYSTAT 11. The analysis
refers to 5% probability levels.
3. Results
3.1. Trends in soil bulk density (BD) and soil organic carbon (Corg) with
age of oil palm per management zone
Fig. 5A and B shows the BD and Corg at various ages of oil palm
and management zones in the top 30 cm of soil. Some measured
plots under nucleus management and derived from forest had low
BD and high Corg. These plots in fact had a layer of mature peat but
of insufﬁcient depth to be classiﬁed as peat soils. Overall, BD did
not reveal any signiﬁcant differences among types of plantation
management, initial land cover, management zones and age of
plantation (p<0.05). By contrast, there were signiﬁcant differ-
ences in Corg among types of plantation management, initial land
cover, soil classiﬁcation and management zones (p<0.05)
(Table 3).
Over a plantation life cycle, the BD increased by 6.6% (due to soil
compaction) in the harvest path zone and decreased by 8.9% in the
frond stack zone compared to the initial condition. However, these
trends could not be statistically distinguished from a no-effect
null-hypothesis. The opposite trend was found in Corg over a life
cycle, the Corg signiﬁcantly increased by 16.2% in the frond stack
zone and decreased by 21.4% in the harvest path zone.
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[(Fig._5)TD$FIG]
Fig. 5. Soil bulk density (g cm3) (A), soil organic carbon (%) (B), and corrected soil Cstock (MgCha1) at 0–30 cm depth at different oil palm ages and management zones.
1 =weeded circle (WC) zone, 2 = interrow zone (IR), 3 = frond stack (FS) zone, 4 = harvest path zone, and 5 for weighted average over four zones. Black and red line within the
boxmarks themedian and themean. Blue line is a line at themean of the ﬁrst box (years 1–3), it can be easy to recognizeweather themean of the last box (year 25) increase or
decrease compared to the ﬁrst box. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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3.2. Soil carbon stock before and after correction
Table 2 presents calculation of the correction factor for four
management zones. In a zone where the soil became compacted
(harvest path zone) and decreased in Corg, the estimated soil Cstock
should be decreased by 6.5% and in a zone that increased in Corg
and decreased the soil BD (frond stack zone) the estimated soil
Cstock should be increased by 6.1%. Within this dataset, BD of the
frond stack zone decreases (loose) and Corg of the frond stack zone
increases with age of oil palm. While, BD of the harvest path zone
increases (compacted) and Corg of the harvest path zone decreases
with age of oil palm. These opposite trends make level of overall
trend of soil Cstock of oil palm plantation. This is reﬂected from the
no signiﬁcant different of weighted average of soil Cstock among age
of plantation (p<0.05) (Fig. 5C). The correction factors do not
substantially change the conclusion that there is no signiﬁcant net
change in soil Cstock over an oil palm production cycle (Fig. 6A and
B).
3.3. Time-averaged of carbon stock of a plantation
The soil Cstock in the top 30 cm soil depthwas differ signiﬁcantly
among types of plantation/company management, initial land
covers, soil types or management zones (p<0.05). The soil Cstock
did not differ signiﬁcantly with the age of the oil palm plantations
(p<0.05). This allowed us to estimate the time-averaged Cstock of
an oil palm plantation over a life cycle (25 years) based on the
mean value of the weighted average of four management zones
over the entire set of measurement points. The highest time-
averaged Cstock for the ﬁrst 30 cm soil depth over a plantation life
cyclewas independent plantation, followed by nucleus and plasma
plantation (Table 3).
[(Fig._6)TD$FIG]
Fig. 6. Weighted average of soil Cstock of mineral soil at 0–30 cm depth at different oil palm ages, before (A) and after (B) corrections for sampling depth based on changes in
soil bulk density.
Table 2
Calculation of the correction factor for four management zones.
Time Zone Soil
thickness
Soil
depth
BD
(g cm3)
Soil Corg
(%)
Mineral parts
(g cm2)
Organic part
(g cm2)
Correction factor 3-layer
(%)
Correction factor
1-layer (%)
Initial (year
0)
– 5 0–5 0.94 2.52 4.59 0.12 – –
– 10 5–15 1.13 1.74 11.15 0.20
– 15 15–30 1.21 1.12 17.91 0.20
– Total 33.65 0.52
Year 25 Weeded
circle
5 0–5 0.88 2.99 4.25 0.13 0.8 1.21
10 5–15 1.14 1.79 11.21 0.20
15 15–30 1.25 1.11 18.57 0.21
Total 34.04 0.54
Inter row 5 0–5 0.83 3.13 4.02 0.13 2.6 3.51
10 5–15 1.09 1.75 10.73 0.19
15 15–30 1.19 1.07 17.70 0.19
Total 32.45 0.51
Frond stack 5 0–5 0.72 3.57 3.49 0.13 6.1 8.86
10 5–15 1.03 1.91 10.10 0.20
15 15–30 1.15 1.17 17.02 0.20
Total 30.61 0.53
Harvest path 5 0–5 1.02 2.01 5.00 0.10 6.5 7.21
10 5–15 1.19 1.39 11.75 0.17
15 15–30 1.29 0.86 19.23 0.17
Total 35.98 0.43
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Further analysis of the weighted average of soil Cstock of forest
and non-forest derived plantation, excluding the plantation that
was already in the 2nd or 3rd cycle for the second category gave an
interesting result as the net temporal trend of soil Cstock in both
forest and non-forest derived oil palm plantations was slightly
negative (Fig. 7A). The lowest 8 points all belong to the non-forest
category, the means for forest and non forest, 53.6315.98 and
49.8620.94MgCha1 were signiﬁcantly different in a t-test
(p<0.05). However, soil Cstock/soil Cstock_ref value is bigger than
1 with only some plot having values smaller than 1 (Fig. 7B). This
also indicates that current practices of maintaining soil organic
input from fronds, cover crops, and empty fruit bunches (where
applied) sustain the soil Cstock.
3.4. Differences between plantations
For the six plantations with sufﬁcient data over the life cycle of
oil palm (Fig. 8A) a mixed set of temporal response curves was
obtained. These varied from the concave pattern of initial decline
followed by recovery, to essentially linear and convex ones that
peaked at ages of 15–20 years. Within these six plantations we did
not have sufﬁcient degrees of freedom to associate differences in
temporal pattern to plot history or other factors.
4. Discussion
The researchwas designed to answer four questions that jointly
allow recommendations on how to treat oil palm in national C
accounting schemes and footprint calculations, depending on land
use change history. In response to the ﬁrst question regarding the
trend of BD and Corg with age of oil palm for the four management
zones, our data conﬁrmed differentiation between the manage-
ment zones within a plot. This implies that comparisons over time
are not to be trusted unless the spatial sampling scheme
acknowledges such differences in trends and compensates for
them by appropriate weighting of sample locations. Over a
plantation life cycle, Corg in the weeded circle, interrow, and frond
stack increased by 5.6%, 5% and 16.2%, respectively. The increments
in Corg in the circle must have been largely derived from root
material (Frazão et al., 2013; Lamade et al., 1996) as the circle is
maintained free of aboveground plant material. By contrast, the
large input of pruned fronds led to an increase in Corg beneath the
frond stack. Signiﬁcant yet small changes in Corg between
management zones were also reported by Fairhurst (1996) and
Haron et al. (1998). As part of this exploration of the differentiation
between zones corrections for comparisons at equal mineral soil
mass (question 2) are indeed important. Without them, the
differences would appear to be more pronounced, as lower BD and
higher Corg concentration per unit soil dry weight tend to correlate.
Ofmethodological interest is that a correction could also have been
applied if the 0–30 cm soil layer had been sampled as a single layer,
Table 3
Soil carbon stock of mineral soil in the top 30 cm of soil at different plantation/company managements, soil types, initial land covers, soil depths and management zones.
Factors Bulk density (g cm3)a Soil Corg (%)a Time-averaged stock (MgCha1)a
Plantation/company management Nucleus 1.040.20 1.720.75 51.6017.14
Plasma 1.070.21 1.600.81 50.0022.02
Independent 1.080.17 1.760.63 56.1320.42
Soil type Inceptisol 1.020.15 1.580.80 45.5316.93
Ultisol 1.070.21 1.690.55 53.4515.20
Others 1.030.22 1.911.08 56.0427.04
Initial land cover Forest 1.050.22 1.720.70 53.6315.98
Other than forest 1.050.16 1.630.78 49.8620.94
Depth 0–5 cm 0.880.19 2.921.37
5–15 cm 1.110.18 1.870.88
15–30 cm 1.070.23 1.140.54
Management zone 1 (Weeded circle) 1.050.19 1.710.77 52.1220.80
2 (Interrow) 1.060.23 1.690.75 51.9919.47
3 (Frond stack) 1.030.19 1.800.87 54.7721.72
4 (Harvest path) 1.100.20 1.460.70 43.0817.28
Time-averaged carbon stock for depth 0–30 cm 51.85  18.95
a Mean standard deviation.
[(Fig._7)TD$FIG]
Fig. 7. Soil carbon stock at 0–30 cm depth of forest-derived plantation and non-
forest derived plantation at different oil palm ages (A) and ratio of soil carbon stock
and soil carbon stock reference (B). Data at year 0 are coming from forest and non
forest land cover before conversion into oil palm.
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as some C sampling protocols suggest. If we compare the
correction factors for 1-layer (0–30) or 3-layers (0–5, 5–15 and
15–30 cm depth intervals), however, the correction factors would
be more extreme if a single layer had been sampled. The 3-layer
scheme gives a smaller correction factor because the Corg of the
deepest layer (which is used for the soil Cstock correction) is known
with greater precision.
In relation to our third question, increase or decrease of soil
Cstock with age of oil palm, we found evidence for a net decrease in
the early part of the cycle, but not for the cycle as a whole. Several
studies (Guo and Gifford, 2002; Schroth et al., 2002; Don et al.,
2011; de Blécourt et al., 2013) reported that conversion of forest
into agricultural systems, rubber or oil palm plantations leads to
decreases in Corg in the surface 30 cm of soil, but most of these
studies assessed the early parts of the tree crop's life cycle. The
reduced inputs of organic matter in agricultural systems or oil
palm plantations can, according to some authors, lead to a soil
Cstock that is threefold less than under natural forest (Lamade and
Bouillet 2005; Schroth et al., 2002). Our results, however, show
that the zone-averaged soil Cstock in the top 30 cm soil depth did
not change signiﬁcantly with time or age of plantation in either
forest or non-forest derived plantations. This lack of net effect can
be understood as a balance between initial decline of the soil C
inherited from preceding vegetation, and build-up of oil palm-
derived soil C. The time-averaged soil Cstock was 51.8518.95Mg
Cha1. This indicates that goodmanagement practice that includes
retention of organic inputs from fronds, cover crops, and evenyield
residue can in balance sustain the soil Cstock as also indicated by soil
Cstock/soil Cstock_ref value that is bigger than 1. However, use of EFB
is mostly seen as form of waste disposal to oil palm ﬁelds near the
mill, rather than as recycling to all plots (Bakar et al., 2011).
Aboveground Cstock in the same plantations was estimated and
the time-averaged aboveground Cstock varied around 40MgCha1
(Khasanah et al., 2012) and so the soil Cstock to aboveground Cstock
ratio was around 1.25:1. The time-averaged soil Cstock was
relatively close to the 50.37–55.38MgCha1 in the top 30 cm of
soil measured in temperate forests by Dar and Sundarapandian
(2013). Compared with the aboveground C losses due to land
conversion, belowground C losses are small (Sommer et al., 2000).
Our ﬁndings that soil Cstock do not change signiﬁcantlywith the age
of plantation, and that no net soil C emissions were detected may
be used to improve the life cycle C accounting of biodiesel derived
from palm oil.
Regarding the fourth question, variation in the trend of soil
Cstock between plantations, our plantation level data (Fig. 8A)
suggest that there is variation between plantations in temporal
pattern that may be further explored. As comparison, a simpliﬁed
model based on Sitompul et al. (2000) is presented in Fig. 8B. A
wide range of alternativemodel results can be obtained by varying
initial allocation over the pools, e.g., related to soil texture,
variations in decay rates for the pools, e.g., related to soil texture or
soil water regime linked to drainage, and management of the
palms thatmay inﬂuence the above- and belowground litter inputs
and/or the temporal pattern of these inputs. Within a plausible
parameter range both net increase and net decrease of soil Cstock
over a life-cycle is feasible.
A recent summary of soil Cstock dynamics on agricultural soils
described a ‘soil C transition curve’, with initial decline followed by
recovery. Where net recovery has occurred under mainstream
agricultural practice, it has generally been associated with an
increase of organic inputs, above and/or belowground, and
reduction of soil tillage (van Noordwijk et al., 2015). It seems to
be plausible that a similar dynamic occurs within each oil palm life
cycle, and that both net increases and net decreases are possible
outcomes, depending on details of site and management. The real
‘proof of the pudding’ of sustainability assessments is the long-
term persistence of productivity. The plantations that were part of
this survey that were in their 2nd or 3rd oil palm cycle were not
clearly differentiated from the other data. The primary soil-related
issue for such plantations appears to be the increased prevalence of
the Ganoderma fungus (Corley and Tinker, 2003) rather than net
loss of Corg. A more detailed speciﬁc sampling of these plantations
may in future test hypotheses that relate changes in both
Ganoderma and Corg to mycorrhiza development, beyond what
our current data set could assert.
Overall, our data support conclusions of ‘no net effect’ for the
response of soil carbon to well-managed oil palm plantations,
compared to either a forest or a non-forest land use history. This
conclusion is dependent on current management practices, and
may need to be revised if practices change (e.g., by removal of
fronds as source of biofuel). Carbon footprint calculations and
national C accounting schemes can use a no-change assumption,
while further exploration of the balance between decay and
buildup of soil carbon may explain some of the apparent
differences found between plantations.
[(Fig._8)TD$FIG]
Fig. 8. (A) Non linear soil Cstock trends in six plantations with sufﬁcient age differentiation; (B) expected soil Cstock for a simple model (based on Sitompul et al., 2000) of
decline of inherited soil Cstock and buildup of new soil Cstock based on oil palm above- and below-ground residues.
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5. Conclusions
The weighted average of corrected soil Cstock in the top 30 cm
across the four management zones from plantations with “good
practice”management (as currently practiced in Indonesia) did, on
average, not change signiﬁcantly over the plantation cycle. These
results imply that current retention in the ﬁeld of organic plant
residues and pruned fronds can recover from the initial loss and
maintain soil Cstock when assessed over a production cycle. Thus,
there was no detectable net carbon emission from soil at a scale
relevant for national C accounting. Increments that are supposed to
accrue for oil palm established in non-forest backgroundswere not
evident. With current soil management practices it is appropriate
for life-cycle assessments to assume that soil Cstock onmineral soils
neither increase nor decrease due to oil palm cultivation.
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